Abstract. Multi-wall carbon nanotubes (MWCNT), up to 2% in weight, were dispersed into AA6061 aluminium alloy by high-energy ball milling (HEBM) process, for further consolidation into extruded metal-matrix composites (MMC) bars. Three distinct routes were employed: the simple one step loading of materials inside the milling vials, an ultrasonically assisted dispersion of MWCNT and alloy powder into acetone prior to the milling, and the gradual introduction of MWCNT into the vials, during the milling process. Mixed powders obtained were evaluated in terms of the MWCNT integrity after HEBM, and the dispersion level obtained for several milling times. It was found that MWCNT remain relatively undamaged even for milling times up to 10 h, being embedded into the ductile alloy particles through the breaking/welding process during HEBM. However, shorter milling times result in poor dispersion of MWCNT in the milled powders. This tendency can be improved by using pre-milling mixture procedures, as the ultrasonically assisted wet dispersion of nanotubes and alloy powder.
Introduction
Carbon nanotubes (CNT) are one of the key materials in the emerging field of the nanotechnology, enabling the materials to be engineered at nanoscale level, resulting in unique properties when comparing to conventional materials. Furthermore, efforts have been made to improve the CNT production in large scale. Today, CNT are already commercially available.
Among the main properties shown by CNT, their high strength and elastic modulus (ranging from 50 to 150 MPa and from 1 to 1.5 TPa, respectivelly), along with their low density (from 1.2 to 2.2 g/cm3) [1] [2] [3] , make them very attractive as reinforcing phase on metal matrix composites (MMC), particularly involving lightweight metals.
Aluminium alloys are very apt for structural applications in the transportation industry, particularly in automotive and aeronautical sectors. Since the discovering of the precipitation hardening effect in these alloys a century ago [4] [5] , aluminium alloys have experienced a great development in terms of mechanical properties, impelling the aerospace industry. However their hardening potential seems to be saturated by conventional metallurgy processes, limited by the solid solubility limit for alloying elements in near equilibrium thermodynamics [6] . However, the introduction of nanoscale reinforcing phases like CNT in commercial aluminium alloys could provide an additional hardening effect by either load transfer or Orowan mechanisms [7] [8] , depending on their aspect ratio, and consequently increasing their strength level.
Much of the research activities on CNT reinforcing aluminium matrix composites (AMC) are related to pure aluminium [7] [8] [9] [10] [11] [12] [13] [14] [15] , with high energy ball milling (HEBM) for dispersion. However, the mechanical properties of such composites have been reported to be lower than the expected. One of the main challenges regarding an efficient contribution of CNT to the aluminium matrix is the clustering tendency of CNT that results in a poor dispersion. In this context, the present work evaluates strategies for CNT dispersion in AA6061 aluminium alloy powder through HEBM, for further production of composite bars by hot extrusion consolidation. Milling times up to 15 h, as well as different pre-milling dispersion routes were evaluated. The resulting dispersion level and the integrity of CNT on the alloy powder are reported.
Materials Science Forum
Submitted: 2014-10-06 Experimental AA6061 aluminum alloy powders produced by inert gas atomization by ALPOCO LTD -United Kingdom and having particles less than 50 µm were mixed to CNT by HEBM process. Figure 1A shows the typical dendrites morphology of the atomized alloy, observed by optical microscopy after metallographic preparation. Baytubes® C150P multi-wall carbon nanotubes (MWCNT) used in this work were supplied by Bayer Materials Science -Germany, and were produced by chemical vapor deposition process. The MWCNT have a purity level of 95% and are supplied in bundles of about 500 µm, see Figure 1B [17] . After appropriately dispersed, isolated MWCNT show a high aspect ratio, see Figure 1C .
A B C Fig. 1 :A-Aspect of AA 6061 alloy atomized particles used in this work. Keller's reagent etching was employed for metallographic examination; B-As received MWCNT in bundles [17] ; C-An isolated MWCNT, after ultrasonic de-agglomeration in acetone, observed by TEM.
HEBM process was performed in air in a Retsch PM4 planetary ball mill, using 250 ml stainless steel grinding vials and 20 mm diameter hard steel balls. The main process parameters are: 200 RPM and 10:1 ball to powder ratio. For each milling condition, the vials were loaded with 20 g of a mixture of alloy powder, MWCNT (2% wt.), stearic acid (0.5% wt.) as a process control agent (PCA) and 200 g of balls. Three distinct routes were employed for the dispersion. Initially (route A), balls, alloy powder, MWCNT and PCA were directly loaded into the vials, and milling times ranging from 1 to 15 h were employed. In the second route (route B), the MWCNT were previously dispersed by sonication in acetone for 15 minutes. In the sequence, the alloy powder was also added to the solution, which was sonicated for another 15 minutes. The suspension was heated under magnetic agitation until a thick slurry was obtained, which was finally dried at 50 o C. The dried mixture was added into the milling vials, along with the balls and PCA, and milled for 2 to 6 h. The third dispersion process (route C) consisted in loading the vials with the alloy, balls and PCA. The MWCNT was divided in seven parts, and each part was added after every 2 minutes grinding. The Table 1 resumes all the dispersion condition employed.
After milling, powder samples were observed by optical and scanning electron microscopy (OM/SEM). Samples for OM were embedded into bakelite, ground in silicon carbide sandpaper and polished in diamond and colloidal silica. Metallographic etching using Keller's reagent was employed in some samples. A microscope Olympus BH-2 was used for the microstructure examination. Samples for SEM were prepared by just placing loose powder over a conductive carbon double face tape, bonded on a sample holder. Powder excess was removed by a mild blow of dry air. The samples were observed in a Hitashi S-4800 FEG SEM. Some samples were submitted to Raman spectroscopy analysis, in a Raman Renishaw system 2000, using argon laser (wavelength of 514.5 nm). 
Results and discussion
A concern regarding CNT processed by HEBM is their integrity. It has been reported that long milling times can lead to fragmentation and amorphization of CNT [13, 15] , making them excessively reactive with aluminium matrix [18] . On the other hand, very short milling times can lead to a poor dispersion, resulting in poor mechanical properties. Consequently, the milling time is critical to obtain a high quality composite, and has to be optimized. Figure 2 shows optical micrographs of the powders milled for 1, 6 and 10 h by the route A. Typical particle flattening phenomena of ductile particles is observed, as the milling time increases. SEM images of powders milled at four different times by route A are observed in Figure 3 . It is evident that for short milling times (up to 4 h), MWCNT agglomerates are easily seen, showing that the milling process was unable to break down the initial nanotube bundles. At intermediate milling times (6 to 8 h), these agglomerates are hardly seen, and after 10 h MWCNT are no longer observed. Based on these result, two hypotheses can be formulated: the MWCNT could be incorporated into the alloy powder, through the continuous breaking/welding process of ductile AA6061 particles during the HEBM; or MWCNT could be broken as a result of the milling for long periods. Raman spectroscopy results from powders milled for 1, 6 and 10 h are shown in Figure 4 . For comparison purpose, spectrum for the as received (pristine) MWCNT is also present. It is well established that typical values for scatter D and G bands of carbon based materials are around 1330 and 1580 cm -1 , respectively. Furthermore, ID/IG ratio, referring to their relative intensities, indicates the disorder level in MWCNT [18] [19] [20] [21] [22] . The higher the ID/IG ratio, higher is the disorder, resulting from defects, amorphization or contamination. From Figure 4 , ID/IG ratio increases from 1.06 to 1.33 after 1 h, remains around 1.30 after 6 h and decreasing to 1.14 after 10 h milling. A careful observation of the G band region in samples milled for 6 and 10 h reveals the presence of a second peak on the right side (1595 cm-1), which refers to the D' Raman scatter band and that increases with the milling time. The D' scatter peak typically occurs at 1620 cm-1, but it can be slightly shifted, depending on the laser incident energy. The presence of D' peak can lead to an apparent increase in the IG magnitude, resulting on the unexpected decrease on ID/IG ratio for h. Spectrum for pristine MWCNT is also shown for comparison purpose.
As the milling process develops, MWCNT seem to be embedded in the ductile alloy particles. Evidences of this phenomenon are observed in Figure 5 , showing the powder milled for 2 and 4 h by route A. In 5A, it appears that during the milling process, some ductile alloy particles stick to others, keeping the MWCNT entrapped between them. This is more visible in 5B.
In order to improve the dispersion of MWCNT with shorter milling times, two other routes were employed, named routes B and C. Figure 6 shows the evolution of MWCNT dispersion using milling times of 2, 4 and 6 h by route B. When comparing to Figures 3 B, C and D, it is observed that MWCNT seem to be much more dispersed in the powder milled using the route B, even when the milling time is as short as 2 h, although in this case their distribution over the entire sample is not homogeneous. As the milling time increases, the MWCNT becomes less visible, due to their entrapment between the alloy particles.
The powders dispersed using route C, with milling times of 2, 4 and 6 h, are presented in Figure  7 . In this case, this route could not improve significantly the dispersion of MWCNT, when comparing to route A. Agglomerates are easily seen on the sample milled for 2 h ( Figure 7A ). As the milling time increases, part of the nanotubes are embedded in the alloy, however MWCNT that remain visible are still agglomerated, as observed in Figures 7B and 7C . It is evident that the route C did not result in better dispersion, when comparing to route A. It is worth to mention that the entrapment of reinforcing phases into the soft alloy is a critical step in producing high strength composites. However, this effect does not guarantee a proper dispersion if agglomerates of MWCNT are entrapped. An ideal composite would be produced if deagglomerated MWCNT are embedded into the soft alloy powder. In the present work, it seems that route B is a suitable procedure to optimize the reinforcing phase dispersion during HEBM, mainly at intermediate milling times (6 h 
Summary
Strategies to improve the dispersion of carbon nanotubes into AA6061 aluminium alloy powder by HEBM process have been investigated. Three distinct routes, named routes A (loading materials into the vials in one single step), B (ultrasonically assisted pre-dispersion of MWCNT and alloy powder in acetone), and C (gradual introduction of MWCNT into the milling media) were employed and the aspect of the powders obtained in different milling times was evaluated. It was observed that, although some disorder seems to be introduced by HEBM, as verified by ID/IG ratio, the integrity of MWCNT could be preserved at milling times up to 10 h. The ductile alloy particles stick to each other during the process, entrapping the nanotubes between them. This process protects the nanotubes from the continuous impact of the milling balls. It was also observed that it is possible to improve the dispersion of MWCNT in the alloy by using shorter milling times, through pre-milling procedures able to breakdown the agglomerates. This procedure can lead to an efficient dispersion at lower milling times, minimize damages of the nanotubes and keeping their unique properties as reinforcing phase.
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